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Abstract: Owing to the high precision and sensitivity of optical systems, there is an 
increasing demand for optical methods that quantitatively characterize the physical and 
chemical properties of biological samples. Information extracted from such quantitative 
methods, through phase and/or amplitude variations of light, can be crucial in the diagnosis, 
treatment and study of disease. In this work we apply a recently developed quantitative 
method, called ultraviolet hyperspectral interferometry (UHI), to characterize the dispersion 
and absorbing properties of various important biomolecules. Our system consists of (1) a 
broadband light source that spans from the deep-UV to the visible region of the spectrum, and 
(2) a Mach–Zehnder interferometer to gain access to complex optical properties. We apply 
this method to characterize (and tabulate) the dispersive and absorptive properties of 
hemoglobin, beta nicotinamide adenine dinucleotide (NAD), flavin adenine dinucleotide 
(FAD), elastin, collagen, cytochrome c, tryptophan and DNA. Our results shed new light on 
the complex properties of important biomolecules. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

There is an increasing interest in analyzing both the absorptive and dispersive optical 
properties of biological samples in order to gain a more detailed understanding of their 
physical and chemical composition for basic research and the study of disease [1–6]. 
(Dispersion refers to changes in the real part of the refractive index as a function of 
wavelength). While there are numerous studies that have applied interferometry to study such 
complex spectral properties in cells and tissues, nearly all of them operate in the visible 
region of the spectrum [7–15] which has limited endogenous molecular targets (namely 
hemoglobin and melanin). The UV region (200-400 nm), on the other hand, can provide 
much more specific molecular insight given that many endogenous molecules interact 
strongly with light in this spectral range. 

In this work we present, to the best of our knowledge, the first study of the unique 
absorptive and dispersive signatures of several physiologically important biomolecules in the 
deep-UV region of the spectrum. Our approach is based on a recently developed ultraviolet 
hyperspectral interferometry (UHI) setup [1], which enables deep-UV, wide-band, high-
resolution, and high sensitivity spectroscopic measurements of the refractive index and molar 
extinction coefficient of biomolecules. UHI microscopy was developed to provide 
quantitative spectral information of endogenous molecules with subcellular spatial resolution 
and sensitivity to nanometer-scaled structures for label-free molecular imaging of live cells 
and thin tissue samples [1]. In this work we analyze the deep-UV absorptive and dispersive 
properties of biomolecules that play an important role in the structure and function of 
biological systems to gain a better understanding of their spectral properties. Measured 
molecules include hemoglobin, beta nicotinamide adenine dinucleotide (NAD), flavin 
adenine dinucleotide (FAD), elastin, collagen, cytochrome c, tryptophan and DNA. Results 
show the capabilities of this method to quantify the deep-UV complex spectral signatures of 
the aforementioned biomolecules at physiologically relevant concentrations. This work has 
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important implications not only for UHI microscopy and other dispersion-based imaging 
systems, but also for the broader spectroscopy community given that most (UV) 
spectroscopic measurements of biomolecules have focused on absorptive or fluorescent 
properties, while dispersive features have been largely neglected [15–25]. 

2. Methods and materials 

2.1 Optical setup 

The optical system (Fig. 1) is designed based on a Mach-Zehnder interferometry 
configuration, consisting of a broadband laser-driven plasma light source (Eq. (-99)X LDLS, 
Energetiq Technology). A set of off-axis parabolic mirrors (Newport Corporation) are used to 
collimate the output light. Then, the incoming broadband optical beam is divided into two 
equal beams, one of which is used as reference and only carries free-space propagation phase 
accumulation. The second beam passes through the sample and picks up additional 
wavelength-dependent phase delays based on the optical pathlength difference (OPL) that is 
proportional to the thickness and refractive index of the sample under test. The sample beam 
also undergoes attenuation. The resulting wideband interference signal is recorded using an 
imaging spectrometer (IsoPlane-160, Princeton Instruments) equipped with a high-speed 
back-illuminated sCMOS camera (Kuro 1200, Princeton Instruments) which has enhanced 
quantum efficiency in the deep UV range. Here, data are recorded in the form of a 1200 × 
1200-pixel image by the sCMOS camera which is a function of wavelength along the 
columns, and spatial dimension across the rows of the camera (see Fig. 2). 

 

Fig. 1. Schematic of interferometric setup. The incoming light is split into a sample and 
reference arm. The sample beam passes through a short path length flow cell (in green) and 
picks up a differential optical pathlength with respect to the reference arm. The inset shows a 
representative interferogram (intensity vs wavelength). 

To test the biomaterials, it is crucial that the sample thickness remain constant throughout 
the experiment. To this end, dissolved samples are placed in a quartz, short path length flow 
cell (Spectrosil 49-Q-0.2, Starna Cells) which enables us to acquire measurements from a 
fixed point while injecting different solutions through the channel inlet. This way, the 
measured thickness remains constant, plus we avoid any sample movement, improving the 
reliability of the measurements. The thickness of the sample is 220 microns, and the total 
optical power on sample arm is 3.35 mW with a beam diameter of 1.3 mm. 
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2.2 Materials 

The specific samples tested in this work were chosen because they play an important role in 
cellular structure and function. To ensure stability of materials and reproducibility of the 
experiments we used commercially available biomolecules. Table 1 outlines the specific 
materials, followed by a brief summary of their importance. These materials are dissolved in 
deionized (DI) water, except collagen which was dissolved in a 0.1 mM acetic acid solution. 

Table 1. list of characterized biomaterials 

Material name Concentration (gr/L) 
Sigma-Aldrich 

Catalog number 

Human Hemoglobin (unstabilized Hb) 2 H7379-1G 

β-Nicotinamide adenine 
dinucleotide (βNAD) 

0.5 N0632-5G 

Flavin adenine dinucleotide disodium salt 
hydrate FAD) 

0.5 F6625-100MG 

Elastin,soluble from bovine neck ligament salt-
free, lyophilized powder (ELAS) 

3 E6527-1G 

Hemoglobin Ferrous stabilized (St-Hb) 5 H0267-25MG 

DNA from Calf thymus (Calf DNA) 1 D4522-5MG 

Cytochrome c from bovine heart (Cyt C) 2 C2037-100MG 

Tryptophan (Tryp) 0.5 PHR1176-1G 

Collagen from rat tail (Col) 1 C7661-50MG 

 
Hemoglobin: Hemoglobin is an oxygen carrying heterotetramer with globin subunits each 

attached to a heme group. The main role of Hemoglobin is to carry Oxygen from lungs to 
tissues and remove CO2 from tissues to lungs [26]. 

βNAD: Nicotinamide adenine dinucleotide is a coenzyme that aids in redox process of 
molecules. This coenzyme accepts electrons from one reaction and becomes reduced which 
can then deliver electron to another reaction and therefore aids in energy production in cells 
[27,28]. 

FAD: Similar to βNAD, FAD is also a redox protein. FAD has 4 states that enables it to 
accept or deliver electrons hydrogen atoms, or hydronium ions by converting among these 
states [29,30]. 

Elastin: Elastin a matrix protein that provides the tissues with elasticity and resilience. It 
is roughly 1000 times more flexible than the collagens and therefore it is present in lungs, 
skin and veins [31]. 

Cytochrome c: The main role of Cytochrome c is electron transfer in mitochondria. 
Cytochrome c receives electrons from bc1-complex (cytochrome c – oxidoreductase) and 
transfers it to the complex IV (cytochrome c oxidase). In addition, Cytochrome c plays an 
important role in cell apoptosis [32,33]. 

Calf thymus DNA: DNA extracted from calf thymus is an abundant source of high 
molecular weight pure DNA to study properties and interactions of DNA. One of the main 
applications of calf DNA is to study DNA binding anticancer agents [34–36]. 

Tryptophan: Is a type of essential amino-acid that aids in biosynthesis of some necessary 
complex proteins in human body. It is a precursor for serotonin and melatonin that have direct 
effect on mental health and sleep patterns [37,38]. 

Collagen: Collagen is the most abundant protein in human body. It is mostly used in 
connective tissues and has a varying level of rigidity. It is mostly found in ligaments, skin, 
vessels and teeth [39–42]. 
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3. Theory and data analysis 

To extract the concentration independent refractive index increment, B(λ), and molar 
extinction coefficient, ε(λ)—two important intrinsic parameters of biological materials—we 
rely on the interference between the sample and reference fields (see Fig. 1). Phase and 
intensity difference as a function of wavelength produced by the various samples compared to 
their solvent allows us to measure these two properties independently. ε(λ) is a measure of 
optical absorption of the sample per unit length in one mole of material; i.e., a concentration 
and pathlength independent measure of absorption. Similarly, B(λ) indicates how much the 
refractive index of the sample changes as a function of wavelength, independent of 
concentration. 

Assuming that the incoming field is split into two, denoted as Es and Er, where Es passes 
through an absorptive and dispersive medium of interest, then at the point where the two 
beams interfere the total field is given by: 

 ( ) ( ) exp(- ) exp( ) ( ) exp(- ( '- ) - ( ) )
2
a

tot r s

h
E E jkL E jk L h jkn h

μλ λ λ λ= + −  (1) 

where k = 2π/λ is the wavenumber, λ is the wavelength, n is the refractive index, μa is the 

absorption coefficient, 1j − , L and L' are the reference and sample arm lengths, and h is 

the sample thickness (Fig. 1 illustrates L, L’ and h). Thus, the intensity, Itot = Etot × E*tot, can 
be expressed as, 
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The final signal has two main components, a DC component that is proportional to the 
sample and reference field amplitudes and a sinusoidal term that contains two phase 
arguments. The first phase argument depends on a constant optical pathlength difference 
between two arms and linearly depends on k, carrying no information about the sample 
properties, while the second term depends on the thickness, h, and refractive index of the 
sample. To remove the DC terms and the first phase term, we take another measurement with 
only the solvent solution (e.g., DI water) as well as independent measurements of the sample 
and reference arms for background subtraction. Finally, we subtract the phase term of the 
solvent measurement from the solution under test which yields, 

 2 2( ) ( ) ( ( ) ( ))samp solvOPL h n nπ πϕ λ λ λ λλ λΔ = Δ = −  (3) 

where nsamp(λ) and nsolv(λ) are the wavelength-dependent refractive indices of the sample and 
solvent, respectively. ΔOPL refers to optical pathlength difference between sample and 
reference arms. Since we have made our sample solution using the same solvent, the 
refractive index of the sample solution equals: 

 ( ) ( ) ( )samp solvn n B cλ λ λ= +  (4) 

where B(λ) is the refractive index increment, which is a concentration-independent, intrinsic 
property of the biomaterial, and c is its concentration in the solution. Thus Eq. (3) simplifies 
to: 

 ( ) ( )OPL hB cλ λΔ =  (5) 

which directly yields B(λ). 
Figure 2 illustrates the interferometric data described by Eq. (2), as well as the main data 

processing steps. Again, wavelength information is recorded along the columns of the 
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camera, and the spatial points along the rows. The data is initially acquired as a function of 
wavelength and then interpolated to wavenumber (k = 2π/λ). To measure B, first we take a 
Fast Fourier transform (FFT) along the spectral dimension and then filter the resulting peak 
using a Butterworth filter (this peak corresponds to the optical path length difference between 
the sample and reference arm, i.e., the first phase argument in Eq. (2)). The filtered signal is 
transformed back to the spectral domain using an inverse Fourier transform and the phase is 
extracted for both the test material and solution from which the optical path length difference 
is calculated, as described by Eq. (3). This process is done for each individual spatial line in 
the imaging spectrometer, and averaged over 200 central lines. In principle, any part of the 
image can be used but here we choose the central region as this provides the strongest signal. 
Finally, by solving Eq. (5) we obtain the concentration independent refractive index 
increment B(λ). Figure 2 illustrated the different steps in data processing. 

 

Fig. 2. Different steps in data processing (a) importing interferogram (b) taking fft and filtering 
(c) calculation of phase difference and dividing by thickness and wavenumber 

Random vibrations in the system can introduce an offset in the measured B values (by 
introducing a random term in L-L’), but the variations do not disturb the spectral features 
(i.e., its shape). To calibrate the B(λ) spectra, we measure the refractive index of the sample 
and reference solutions at a single wavelength using an Abbe refractometer working at the D-
line of sodium (589.6 nm). 

To obtain the absorption properties of the sample, we use the independent solvent and 
sample intensity measurements on the sample arm, and process the data using Beer-Lambert’s 
law: 

 ln( ) ( ) ( )sample
a s a r a r a s

solvent

I
h h h

I
μ μ μ μ− − − −− = + − =  (6) 

where Isample and I solvent represent the recorded intensities of the test sample and solvent on the 
sample arm, and µa-s and µa-r are the respective attenuation coefficients. Since µa-s varies with 
concentration it is desired to convert absorption to an intrinsic material property. To this end, 
we convert absorption to molar extinction coefficient: 
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when two or more materials have overlapping or similar absorptive or dispersive properties 
[55]. Similarly, using the complex plane to represent deep UV absorptive and dispersive 
properties may enable better differentiation of induvial molecules in a mixture. 

An interesting observation about Ferrous stabilized Hemoglobin is that its molar 
extinction coefficient is almost identical to oxyhemoglobin extracted from red blood cells 
[45], except for approximately a two-fold difference. (This difference was further validated 
using a commercial UV-VIS spectrometer). Figure 5(a) shows the molar extinction 
coefficient for stabilized hemoglobin multiplied by 2.09 along with the values reported in 
[45]. This multiplicative factor was calculated by least squares fitting. Other small differences 
include a blueshift in the Soret peak, confirming that the Ferrous stabilized Hb bears some 
different characteristics from oxy-, deoxy-, and met-Hb as reported in the literature and found 
inside red blood cells (RBCs) [53,56–58].  

 

Fig. 5. Comparison of (a) measured molar extinction coefficient of stabilized Hemoglobin in 
our work and reported by Prahl [45] (b) measured concentration independent refractive index 
increment of stabilized Hemoglobin and reported data reported by Gienger [59] and Friebel 
[60]. 

Careful inspection of the B curves (depicted in Fig. 5(b)) shows differences between the 
measured B values of stabilized Hb and those previously reported elsewhere in the literature, 
which again use Hb processed from RBCs [59,60]. However, the calculated least square ratio 
of the B curves remains the same (2.09), yielding a scaled B spectrum which encompasses the 
reported values within one standard deviation. It is important to emphasize that while there is 
a scalar factor difference in the stabilized Hb values used here, the characteristic behavior, 
including Soret and Q bands, are still clearly observed and follow the behavior of native 
human Hb. 

Another interesting feature observed in the Hb experiments is the effect of UV exposure 
on the measured spectra. In order to have the best precision and accuracy in our Hemoglobin 
measurements, it is important to keep UV exposure very short (i.e. in the order of 1 sec.) to 
avoid unwanted material decomposition and alteration. Thus, a fresh solution is injected on 
each measurement reported above to ensure that there is no material change and only the 
primary solution properties are measured. Nevertheless, to illustrate the effect of UV light on 
Hb, we measured its absorption spectra while being exposed to UV light for 1 minute. The 
exposure time was set to 75 ms which will produce 800 acquisitions within a minute. For 
simplicity, the measured spectra are shown in 3.75 second intervals (Fig. 6). By comparing 
the spectra of the first and last acquisitions, it is evident that the spectrum is evolving from 
that of oxy-Hb to a spectrum that represents the spectral features of methemoglobin [58], 
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confirming that the Fe2+ (ferrous) ion in the heme groups are changing to Fe3+(ferric) under 
UV illumination due to its high oxidation potency [61–64]. Such temporal dynamics were not 
observed in any of the other molecules tested in this study. 

 

Fig. 6. Variation of absorption in stabilized Hemoglobin exposed to Eq. (-99)X broadband 
source within 1 minute. 

Since Ultraviolet hyperspectral interferometry (UHI) microscopy is capable of imaging 
and quantifying absorptive and dispersive properties of biological materials [1], it is 
important to understand the concentration detection limits of our system based on the 
measured ε and B, and compare them to expected physiologically relevant concentrations in 
human cells and tissues. To this end, the standard deviation in optical pathlength difference 
and absorption is calculated and attributed to detection limit of each tested material and 
compared against their physiological concentrations in cells or tissues. To calculate the 
detection limits we use the highest values (highest detection limit wavelength) for B and ε 
within the measurement range and then calculate the detection limit for the concentration 
using Eqs. (5) and (7). The results are summarized in Table 2. 

Table 2. Calculated detection limits based on B and ε for each biological material. 
Typical concentration of each biochemical in human body is listed for comparison. 

Chemical name 

Concentration 
detection limit per 
millimeter using B 

(gr/L-mm) 

Concentration 
detection limit per 
millimeter using ε 

(gr/L-mm) 

Concentration in 
human body per 

millimeter (gr/L-mm) 

Hemoglobin 6.358 × 10−3 4.62 × 10−5 
0.825 (human red blood cell) 
[56,65,66] 

β-Nicotinamide 
adenine dinucleotide 3.366 × 10−3 3.63 × 10−4 

2.74 × 10−3 −6.854 × 10−3 (for 
typical mammalian cell [67] 

Flavin adenine 
dinucleotide 2.64 × 10−3 2.2 × 10−4 

1.43 × 10−3 (for human breast 
cell) [68] 

Tryptophan 4.84 × 10−3 3.52 × 10−4 0.013 human serum [69] 

Cytochrome C 3.652 × 10−3 1.32 × 10−3 
0.167-0.245 (for Cardiomyocytes 
cells) 
 [70,71] 

Collagen 3.806 × 10−3 5.06 × 10−3 7344 (human skin) [72–74] 

Calf thyme DNA 7.04 × 10−3 7.7 × 10−4 0.12-0.248 [75,76] 

Elastin 9.68 × 10−3 6.16 × 10−3 408 [77] (human skin) 

 
It is evident that the calculated detection limits using our system are below the typical 

concentrations of biological materials in human tissue or cells, implying they are indeed 
detectable. This is important as it further supports the notion that UV spectral imaging can 
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provide highly specific information of multiple endogenous biochemicals for molecular 
imaging. We also note that the detection limits calculated from absorption are lower than its 
dispersive counterpart. This may be attributed to instabilities in this interferometic set up in 
which no individual measurement contains a background reference region. Such instabilities 
can be more effectively eliminated when imaging since a background region can be used as 
reference. Another potential reason why absorption provides a slightly lower (better) 
detection limits is that the attenuation here is calculated from separate measurements of the 
sample are reference arms, which gives a factor of two improvement in sensitivity as 
compared to using the interference term. 

Finally, it is important to emphasize that for each material we tested several 
concentrations and calculated their corresponding molar extinction coefficient and 
concentration independent refractive index increment values and observed consistent results. 
In addition, to test the uniformity of the sample, we collected data from various regions of the 
flow cell and again obtained consistent results. 

5. Conclusion 

In conclusion, we have used an interferometric approach to measure intrinsic absorptive and 
dispersive properties of biomolecules in the deep-UV-Vis region of the spectrum. This 
information can be used to help identify these biomolecules and determine their concentration 
in thin tissue samples or individual cells. Our results reveal characteristic footprints of these 
biomolecules for both absorption and dispersion in the 250 to 590 nm region of spectrum. 
Data are tabulated in supplemental materials. The materials tested in our experiments are 
important materials in the human body that promote metabolism, biosynthesis and hormone 
balance. The detection limit analysis shows that this system is capable of distinguishing these 
molecules at physiologically relevant concentrations. The natural levels of these materials 
change due to disease, including cancer, and therefore detection, characterization and 
monitoring these biomaterials is important. These results can, for example, help better 
characterize/phenotype thin biopsy tissue samples or live and fixed cells for various 
biomedical applications. This work further supports the potential of deep-UV spectroscopy 
for highly sensitive, label-free molecular imaging. 
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